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Abstract 
Single-layer graphene structures and devices are commonly defined using reactive ion 
etching and plasma etching with O2 or Ar as the gaseous etchants. Although optical 
microscopy and Raman spectroscopy are widely used to determine the appropriate duration 
of dry etching, additional characterization with atomic force microscopy (AFM) reveals that 
residual graphene and/or etching byproducts persist beyond the point where the 
aforementioned methods suggest complete graphene etching.  Recognizing that incomplete 
etching may have deleterious effects on devices and/or downstream processing, AFM 
characterization is used here to determine optimal etching conditions that eliminate graphene 
dry etching residues. 
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Manuscript 
Graphene is widely regarded as the prototypical two-dimensional nanomaterial.1-4 In 
particular, its unique combination of superlative mechanical5 and electronic properties6-8  
makes it a promising candidate for electronic applications.2,6,7,9,10 Since electronic devices 
require carefully defined geometries, graphene is inevitably subjected to lithographic 
pattering and etching during fabrication.  Furthermore, since single-layer graphene is one-
atom thick, any residues from fabrication can significantly influence charge transport and 
electronic device performance.11-16  Although several studies have reported dry etching 
procedures for graphene-based devices,17-25 this previous work primarily employed optical 
microscopy and Raman spectroscopy to determine optimal etching conditions.  While these 
methods provide valuable information, they lack sufficient resolution and/or sensitivity to 
definitively detect residual graphene and/or etching byproducts at the nanoscale. 
In this Letter, we supplement optical microscopy and Raman spectroscopy with 
atomic force microscopy (AFM) to track the evolution of a graphene monolayer following 
reactive ion etching (RIE) and plasma etching using O2 and Ar.  In all cases, AFM reveals 
that etching residues persist beyond the point where optical microscopy and Raman suggest 
complete graphene removal.  In this manner, we show that AFM allows accurate 
determination of etching conditions that minimize graphene dry etch residues. 
       Graphene was mechanically exfoliated onto Si with a 300 nm SiO2 overlayer.1 Optical 
microscopy was used to identify the location of single-layer graphene flakes,26  and Raman 
spectroscopy enabled subsequent confirmation of the layer multiplicity.27 To facilitate AFM 
image acquisition, the samples were pre-cleaned in an Ar/H2 atmosphere at 300°C for 3 hr to 
remove exfoliation tape residue.  Intermittent contact mode AFM images were then acquired 
in ambient conditions with a Thermomicroscopes CP Research AFM using silicon probes 
(all-in-one, Budget Sensors) to complete the initial graphene characterization.  The graphene 
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samples were subsequently subjected to different etching conditions and characterized with 
these three techniques after each step.  RIE was performed using a Samco RIE-10 NR system 
with a gas flow rate of 10 sccm, pressure of 26.5 Pa, power of 30 W, and applied DC bias of 
~50 V.  Plasma cleaning was performed using a Harrick Plasma PDC-001 plasma cleaner at a 
pressure of 200 mTorr and power of 29.6 W. Although only four samples are reported here, 
these experiments were repeated over several samples to confirm reproducibility. Additional 
experimental details are included in the Supplemental Material.28 
        Fig. 1 shows the results for the O2 RIE etched sample. The pristine sample yields a 
typical graphene monolayer Raman spectrum (Fig. 1a) with two main peaks, G and 2D.27,29 
The 2D peak fits to a single Lorentzian with a full-width-at-half-maximum (FWHM) of 24 
cm-1, confirming that the flake is single layer.27,30 No D peak31 (~1350 cm-1) can be detected 
before the etching process, indicating a low density of defects. The Raman spectra (Fig. 1a) 
for increasing etching times show a rapid evolution of spectral features, including the 
appearance of the D peak and reduction of the G and 2D peaks, which imply loss of sp2 
character.31-33 The optical contrast of the monolayer also vanishes with increasing etching 
time as seen in Figs. 1b, 1d, 1f, 1h. In contrast, the AFM images (Figs. 1c, 1e, 1g) exhibit 
minimal variation with increasing etching time up to 10 s. In particular, after 10 s of etching, 
even though there is no discernible Raman signal or optical contrast indicative of single-layer 
graphene, the AFM image (Fig. 1g) indicates the same topographic contrast as the original 
sample. Only after 15 s of etching does the graphene appear to be fully removed in the AFM 
image (Fig. 1i).  
       While RIE etches quickly due to the directed ion flux, plasma etching requires longer 
times to remove graphene. Therefore, 1 min was chosen as the O2 plasma treatment 
increment for each step.  Fig. 2a shows the evolution of the Raman spectra, while optical 
microscopy (Figs. 2b, 2d, 2f, 2h) and AFM (Figs. 2c, 2e, 2g, 2i) images show the changes in 
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optical contrast and topography. After 1 min of plasma exposure, the optical contrast is 
reduced (Fig. 2d), and the Raman spectrum (Fig. 2a) shows a D peak33 and no 2D peak. After 
2 min of O2 plasma exposure, the flake can no longer be detected with optical microscopy 
(Fig. 2f) or Raman. However, AFM (Fig. 2g) still shows the appearance of a residual layer. 
Only after 3 min of plasma etching is the graphene completely removed according to AFM 
(Fig. 2i). 
       Since O2 reacts with graphene to form graphene oxide and volatile byproducts, it is a 
natural choice as an etching gas.34 In addition, we chose an inert gas, Ar, to compare to the O2 
results. Fig. 3a shows the evolution of the Raman spectra following Ar RIE, while optical 
microscopy (Figs. 3b, 3d, 3f, 3h) and AFM (Figs. 3c, 3e, 3g, 3i) show the changes in optical 
contrast and topography. After 10 sec, D and G peaks are still detectable. Similarly, AFM 
detects the remains of the monolayer even though there is no optical contrast. Only after 15 
sec do all three techniques detect no monolayer. Although there are differences in the 
reactivity of Ar with graphene versus that with O2, there is essentially no difference in the 
RIE etch times under the same conditions. This observation can be attributed to the fact that 
RIE etching occurs mainly via sputtering and thus the intrinsic of the gases has minimal 
effect on etch rates. 
        In contrast to the above results, the effect of chemical reactivity differences between Ar 
and O2 is evident in the case of plasma etching.  In particular, Fig. 4 shows the data for the Ar 
plasma etched sample. For this case, 2 min steps were employed due to the relatively slow 
etching rate for the Ar plasma. Fig. 4a shows the evolution of the Raman spectra. The results 
for optical contrast (Figs. 4b, 4d, 4f, 4 h) and AFM topography (Figs. 4c, 4e, 4g, 4i) remain 
qualitatively similar to previous samples. For this case, 6 min of etching is sufficient to 
eliminate the optical contrast (Fig. 4f) and Raman signal.  However, as detected by AFM, the 
remains of the monolayer are only totally removed after 8 min (Fig. 4g).  The optical 
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microscopy and AFM images for the 4 min step are included in the Supplemental Material28 
for completeness.  
       Based on the above observations, we summarize our results for optimal etching times of 
single-layer graphene in Table 1. Specifically, the etching time that is necessary to see no 
evidence of the monolayer for each technique is displayed. It is evident that to fully remove 
the monolayer and any remaining etching residues, the two most widely used techniques to 
characterize graphene (i.e., optical microscopy and Raman) can be misleading. The 
characteristic optical contrast and Raman spectrum arising from a single layer of carbon 
atoms depends on the unique properties of the delocalized electrons in the carbon sp2 
honeycomb lattice.26,27,29 Therefore, if the graphene becomes sufficiently defective or 
functionalized, it can lose the delocalized sp2 structure, and thus its detectability by optical 
microscopy or Raman spectroscopy, but it can nevertheless retain the overall structural 
integrity of a monolayer.  Consequently, to rigorously ensure that all graphene and etching 
residues have been completely removed, nanoscale topographic characterization with AFM is 
required. 
       In conclusion, this work shows that optical microscopy and Raman spectroscopy alone 
are insufficient to determine the complete removal of single-layer graphene and/or etching 
byproducts following RIE or plasma etching with O2 and Ar.   On the other hand, AFM 
reveals etching residues and thus provides a reliable method for verifying complete etching of 
single-layer graphene.  Due to the single-atom thickness of graphene, we anticipate that full 
removal of etching residues will impact ongoing efforts to realize more elaborate 
nanoelectronic devices including heterostructures of disparate two-dimensional 
nanomaterials.35,36  Similarly, while this study focuses exclusively on single-layer graphene, 
this AFM-based approach is also applicable to the etching of thicker graphene samples and 
other two-dimensional nanomaterials (e.g., transition metal dichalcogenides).   
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TABLE I. Treatment time necessary to see no evidence of the graphene monolayer. 
Technique RIE Plasma 
 O2 Ar O2 Ar 
Optical 10 s 10 s 2 min 6 min 
Raman 10 s 10 s 2 min 6 min 
AFM 15 s 15 s 3 min 8 min 
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FIG. 1. O2 RIE etching of graphene. (a) Raman data showing the effect of each 5 sec etching 
pulse. Left column (b, d, f, h) are optical microscopy images of the graphene flake following 
successive 5 sec etching pulses (scale bar: 20 µm). Right column (c, e, g, i) are AFM images 
of the graphene flake, taken in the region indicated by the black arrow in the corresponding 
optical image (scale bar: 1 µm). In (i), the white arrows indicate the original location of the 
monolayer edge.  
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FIG. 2. O2 plasma etching of graphene. (a) Raman data showing the effect of each 1 min 
etching pulse. Left column (b, d, f, h) are optical microscopy images of the graphene flake 
14 
 
following successive 1 min etching pulses (scale bar: 10 µm). Right column (c, e, g, i) are 
AFM images of the graphene flake, taken in the region indicated by the black arrow in the 
corresponding optical image (scale bar: 1 µm). In (i), the white arrows indicate the original 
location of the monolayer edge. 
 
15 
 
 
FIG. 3. Ar RIE etching of graphene. (a) Raman data showing the effect of each 5 sec etching 
pulse. Left column (b, d, f, h) are optical microscopy images of the graphene flake following 
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successive 5 s etching pulses (scale bar: 10 µm). Right column (c, e, g, i) are AFM images of 
the graphene flake, taken in region indicated by the black arrow in the correspondent optical 
image (scale bar: 1 µm). In (i), the white arrows indicate the original location of the 
monolayer edge. 
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FIG. 4. Ar plasma etching of graphene. (a) Raman data showing the effect of each 2 min 
etching pulse. Left column (b, d, f, h) are optical microscopy images of the graphene flake 
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following successive 2 min etching steps (scale bar: 20 µm). Right column (c, e, g, i) are 
AFM images of the graphene flake, taken in the region indicated by the black arrow in the 
corresponding optical image (scale bar: 1 µm). In (i), the bilayer that was originally attached 
to the monolayer appears in the left side of the image as a reference, while the white arrows 
indicate the original location of the monolayer edge.  
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1 – Detailed Experimental Methods 
      Silicon with a 300 nm thick thermally grown SiO2 layer was used as the substrate for 
graphene exfoliation. The Si wafers (Si orientation <100>) were purchased from Silicon 
Quest International. The wafers were doped n-type with As (resistivity = 0.001-0.005 Ω-cm). 
Substrates were cleaned with sonication in acetone and isopropanol prior to deposition. 
Natural graphite from Nacional de Grafite was exfoliated using the scotch tape method.1  
Samples were mapped using an Olympus BX-51M optical microscope. Monolayers were 
identified by their optical contrast2 and then confirmed by Raman spectroscopy.3 
Subsequently, the samples were annealed in a Lindberg blue tube furnace inside a quartz tube 
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with ~1200 sccm flow of H2/Ar 20% mixture at 300ºC for 3 h. A 1 hr ramp time was used to 
heat up and cool down the samples. This processing is necessary to remove glue residues 
from the exfoliation process, thereby facilitating the acquisition of AFM images (by 
preserving the tip from contamination) and avoiding interference from these residues in the 
etching processes.  
      Optical microscopy images and Raman spectra were reacquired after the annealing. The 
differences seen in the Raman signal before and after can be accounted for by the doping4 
induced by the annealing treatment. Since there is no change in the intensity of the defect-
related peaks after the annealing process (i.e., there are no D or D’ bands), the annealing 
process does not introduce any defects or damage in the graphene as seen in SM-Figure 1.  
       Atomic force microscopy (AFM) images were acquired with a CP Research 
(Thermomicroscopes) AFM operating in ambient conditions. All images were acquired in 
intermittent contact mode using standard commercial silicon cantilevers from Budget Sensors 
(All-in-One probes). The scanner allowed for a maximum 5 µm scan size. Images were 
analyzed with Gwyddion.5 
       Raman spectra were acquired using an Acton TriVista CRS Confocal Raman System 
from Princeton Instruments. The Ar 514.5 nm laser line was used with power < 2 mW to 
prevent sample heating. The 100x objective was used to focus the laser beam, and the Raman 
signal was dispersed on an 1800 gr/mm grating. The acquisition time was 10 sec for each 
spectrum for the pristine and post-annealing samples and 60 sec for the etched samples. Since 
etching decreases the Raman signal intensity, the increase in acquisition time was necessary 
to resolve the spectra and ensure that there was no more signal at a given point. 
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SM-FIG. 1. Raman spectrum before and after furnace annealing treatment to remove tape 
residues from a representative graphene sample.  
       Plasma etching was performed in a Plasma Cleaner PDC-001 from Harrick Plasma. 
Ultra-high purity O2 or Ar were used as the working gases. The chamber was cleaned with an 
O2 plasma for 15 min before each etching step. A power of 29.6 W was applied to the RF coil 
to generate the plasma. The gas pressure in the chamber was kept at 200 mTorr. Treatment 
time steps and pressure were optimized for each gas on earlier batches of samples. 
Reactive ion etching (RIE) was performed using a Samco RIE-10 NR system. Ultra-
high purity O2 and Ar were used for etching. The chamber was pre-cleaned with a CF4 + O2 
(50:50) mixture for 1 min at 100 W, followed by O2 for 2 min at 50 W, and finally by Ar for 
1 min at 50 W. This chamber cleaning procedure was repeated before each etching step on 
the samples. The graphene samples were etched under a gas flow rate of 10 sccm while 
maintaining a pressure of 26.5 Pa with a power of 30 W. In addition, the system applies ~50 
V of DC bias during the etching process to accelerate the ions towards the samples.     
       For sample 1 (O2 RIE), approximately the same region is shown in all four AFM images. 
This procedure required a great deal of time since the flakes are large (usually > 20 µm), and 
the maximum scan size is 5 µm. For all flakes, more than 1 region was scanned in each step, 
and no type of anisotropy was detected. After establishing the homogeneity of the etching, we 
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imaged the edge of the flake in regions nearby but not necessarily the exact same location as 
the other figures. In addition, two or more monolayers per sample were characterized to 
verify reproducibility.  
2 –Ar Plasma Etching for 4 Minutes 
 
SM-FIG. 2. Supplement to Fig. 4. (a) Optical microscopy image and (b) AFM image of the 
graphene flake after a total of 4 min exposure to Ar plasma etching. 
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